It has been proposed that susceptibility-weighted imaging is a sensitive magnetic resonance imaging (MRI) technique for identifying white matter (WM) pathologic changes involving demyelination and iron accumulation. We identified the tree silhouette-like configuration with a paramagnetic phase shift in the frontal subcortical WM lesions of 4 patients with adult-onset leukoencephalopathy with axonal spheroids and pigmented glia who underwent 3T MRI. According to our postmortem 7T MRI and histologic correlation study to investigate the origin of the susceptibility-related phase contrast, changes in the subcortical WM architecture and central WM loss with the relative preservation of iron-rich U-fibers may contribute to the paramagnetic susceptibility.
INTRODUCTION
Adult-onset leukoencephalopathy with axonal spheroids and pigmented glia (ALSP) is an autosomal dominant disease resulting from mutations in the colony-stimulating factor 1 receptor (CSF1R) gene (1) . The clinical presentation of ALSP includes personality and behavioral changes, dementia, parkinsonism, and seizures (1, 2) . The presence of myelin loss, which spares the subcortical U-fibers, reactive astrocytosis, axonal spheroids, and pigmented microglia in the white matter (WM) are pathologic hallmarks (2) .
Magnetic resonance imaging (MRI) typically shows T2 hyperintense lesions in the periventricular, callosal, and deep WM, with frontal or frontoparietal predominance, and cerebral cortical atrophy corresponding to the WM lesions, as well as enlarged ventricles (1) . Thinning of the corpus callosum, abnormal signal intensity in the pyramidal tracts, diffusionrestricted lesions, and calcifications in the WM are characteristic MRI findings of ALSP (2) . Although these MRI features are supportive of a diagnosis of ALSP, they are not specific to ALSP, and may be suggestive of several alternate diagnoses, including multiple sclerosis (MS) and other demyelinating disorders (3) .
It has been proposed that susceptibility-weighted imaging (SWI) is a sensitive technique for identifying iron depositions in WM pathologic lesions in patients with MS (4). The presence of pigmented microglia/macrophages in the WM lesions is particularly relevant in terms of MS pathology (5) . Similarly, iron-positive macrophages were found in ALSP brains and involved oxidative stress (1, 6) . In addition, calcifications in the WM can be detected in some patients with ALSP (2). Therefore, SWI can be a useful complementary tool for identifying pathologic mineral deposits in the WM lesions in ALSP.
Herein, we identified 4 ALSP cases with CSF1R mutations who underwent SWI at 3T MRI and found the characteristic susceptibility-related phase contrast in the frontal WM. To investigate the origin of the SWI contrast, postmortem brain from ALSP patient was examined using both 7T MRI and histopathology.
MATERIALS AND METHODS
All enrolled patients carrying CSF1R mutations (NM 005211.3, NP 005202.2) underwent 3T MRI in vivo (Verio, Siemens, Erlangen, Germany). T2-weighted images (T2WI) were acquired using a 2D turbo spin echo sequence with TR ¼ 3400-5000 ms, TE ¼ 84-110 ms, and flip angle ¼ 120
À150
. SWI was performed with TR ¼ 28 ms, TE ¼ 20 ms, and flip angle ¼15 in a 3D gradient echo sequence. The phase shift value in this study was for a left-handed coordinate system, which was positively correlated with iron levels. Routine brain CT scan was performed in 3 patients. This study was approved by Institutional Review Board. MRI and genetic analysis was performed after obtaining informed consent from all patients.
To validate SWI contrast, postmortem 7T MRI (Bruker, Karlsruhe, Germany) and a histopathologic correlation study was performed in 1 case (case 1) after obtaining informed consent for the use of brain tissue prior to death. After MRI scanning, the tissue block was sectioned at 8-lm thickness in accordance with 500-lm-thick ex vivo MR images. The sectioned slices were serially stained with hematoxylin and eosin staining, Luxol fast blue (LFB) staining, Perl's Prussian blue staining (counterstained with nuclear fast red), ferritin immunohistochemistry ([IHC] polyclonal antiferritin light chain antibody, rabbit, 1:400; Abcam), CD68 IHC (monoclonal CD68 antibody, mouse, 1:300; Dako) (Supplementary Data Fig. S1 ). Olympus virtual slide microscopy (Olympus, Tokyo, Japan) was used to scan all stained slides with a pixel size of 0.6836 lm 2 . We generated binary stained images by simple thresholding to perform image alignments. The binary images of each stained image were aligned to the corresponding LFB-stained image with maximizing mutual information. SWI was coregistered to the LFB-stained image with rough rotation.
RESULTS
The demographic and clinical features from 4 patients are summarized in the Table. The mean age at onset was 54.7 6 4.1 years (range 51-60 years). Initial symptoms included personality and behavior changes (cases 1-3), and parkinsonism (case 4). At the time of evaluation, all patients had neuropsychiatric symptoms including apathy or irritability, and they were diagnosed with dementia. Two patients showed parkinsonian features (cases 1 and 4). Three patients had recurrent seizures (cases 1-3). Mutations in CSF1R were all located in the intracellular tyrosine-kinase domain of CSF1R encoded by exons 12-22 (8) , and included a known missense mutation (c.2381T>C, p.I794T in cases 1 and 3), a novel splice donor site mutation (c.2442þ5G>A in case 4), and a novel in-frame deletion of a single-codon (c.2675_2683del, p.C892_A894del in case 2).
In all patients, brain MRI showed frontal predominant atrophy and bifrontal periventricular, callosal, and deep WM lesions with sparing of the subcortical U fibers (Fig. 1) . In case 1, WM changes, cortical atrophy, and dilation of the lateral ventricles were more widespread. In case 4, periventricular WM changes were asymmetric, with more severe involvement on the contralateral side of the more severely affected limb. Diffusion-restricted or gadolinium-enhanced lesions were not detected in any case (Supplementary Data  Fig. S2 ). No signal abnormalities were noted in the brainstem, cerebellum, or basal ganglia. SWI revealed the characteristic "tree silhouette-like" hypointense configuration of the frontal gyri alongside T2 hyperintense WM lesions (Fig. 1) . On the phase images, the areas corresponding to linear hypointensity on SWI were seen as hyperintense (positive phase) which suggested a paramagnetic nature (Supplementary Data Fig. S2 ). Calcification was not identified in the corresponding areas.
Postmortem MRI of ALSP brains revealed paramagnetic properties of the WM layers, in contrast to the control brain ( Fig. 2A, B) . These appeared as marked hypointense regions on SWI, with a positive phase shift on phase images and positive susceptibility values on QSM. Such paramagnetic signals were most prominent in the subcortical U-fibers. Coregistration between postmortem MRI and histology demonstrated that the signal hypointensity on postmortem SWI was correlated with the density of WM stained with LFB (Fig. 2C) . LFB staining showed symmetrical central myelin pallor with relatively preserved U-fibers (Fig. 2a, b) . CD68-positive microglial cells were most abundantly located in central demyelinating lesions. Ferritin IHC staining was mainly observed in the CD68-positive zones and the WMcortical grey matter junction. However, positive staining for iron by Perl's Prussian blue staining was infrequently found in the corresponding paramagnetic WM lesions (Supplementary Data Fig. S1 ). Few axonal spheroids were found in these areas, although they were more frequently present in the deep frontal subcortical WM. There were no dystrophic calcifications.
DISCUSSION
To date, the SWI findings of ALSP have not been described. SWI demonstrated the prominent susceptibilityrelated phase contrast with a tree silhouette-like configuration in the frontal subcortical WM, accompanied by striking frontal atrophy. This unique tissue contrast on SWI may help to characterize ALSP further.
The characteristic SWI abnormalities observed may be associated with the location of WM lesions. The prominent FIGURE 1. In all ALSP cases, T2-weighted images show symmetric bifrontal white matter hyperintensities with sparing of the subcortical U-fibers and frontal-predominant atrophy. Susceptibility-weighted images demonstrate the characteristic 'tree silhouette-like' hypointense configuration of the frontal subcortical white matter. SWI contrast regions colocalized with iron-rich WM regions in the normal brain. Iron concentrations are higher in the frontal than in occipital regions, and are prominent in the subcortical U-fibers (4, 9). In our postmortem study, the higher spatial resolution obtained with 7T MRI further clarified the topographical details of the hypointense signals. The phase and susceptibility maps of the postmortem brain tissue disclosed paramagnetic properties in remnant U-fibers. In the normal brain, on the contrary, the WM showed diamagnetic susceptibility. Similar MRI abnormalities in the WM lesions have recently been described in patients with MS and progressive multifocal leukoencephalopathy (PML) (5, 10). In MS, higher amounts of iron were found at the WM-cortical grey matter junction, reflected by transverse relaxivity, R2*, and phase images. Iron deposits were found surrounding the core of the focal WM lesions, and colocalized with ferritin-and ironenriched activated microglia/macrophages (5). PML often occurs at the subcortical-juxtacortical WM involving the U-fibers (10). SWI hypointensities potentially explained by iron deposition were observed within the cortex and/or U-fibers adjacent to the multifocal WM lesions of PML patients (10) . Compared with MS and PML, a contiguous linear pattern confined to subcortical WM is a unique feature of ALSP. The paramagnetic properties of WM in our patients might also be caused by ferritin-positive microglia. In the postmortem WM tissue, ferritin immunoreactivity colocalized with CD68-positive microglia showing a dystrophic and degenerating phenotype (11) . In general, ferritin IHC demonstrates iron in microglia (11, 12) . Accumulation of ferritin-bearing microglia can cause an increase in susceptibility. However, the distribution of ferritin did not precisely match the MRI contrast. Ferritin immunoreactivity was found mainly in the periphery of the remnant U-fibers, particularly in severely demyelinated WM fibers. The distribution of ferritin was not accompanied by sufficient quantities of iron in Perl's Prussian blue staining to induce significant MRI signal changes. In fact, it has previously been reported that the WM lesions in ALSP brains stained variably for iron (1, 6, 13) . In some cases, only rare cells were positive for iron stains (13) . It is unclear whether increased expression of ferritin in ALSP is associated with increased iron uptake (11) . Further studies using chemical assessment of iron concentration or X-ray fluorescence, a more powerful assay for mapping the true iron distribution, are needed to confirm the origin of the magnetic susceptibility (4).
Noniron factors, such as changes in subcortical WM architecture, may also alter SWI phase contrast behavior. Myelin is the dominant source of anisotropic volume susceptibility in the WM (14) . The phase of the gradient echo sequence depends on the orientation of the myelin sheet with respect to the main magnetic field (3, 5, 14) . Demyelination of central WM-sparing iron-rich U-fibers seems to underlie the complicated susceptibility layers, which may lead to local phase changes in the MR phase images.
This study is limited by the small sample size. SWI was not always performed in all patients with ALSP, which may have created a bias. Since we did not use DAB intensification, our histopathologic studies may have underestimated the Paramagnetic White Matter Lesions in ALSP actual iron levels (15) . Turnbull staining for ferrous iron could improve detection of iron. Indeed, deoxyhemoglobin, an in vivo iron source of SWI contrast, was absent in postmortem specimens (5) . Histologic markers for oligodendrocyte, astrocyte, and axon might permit more accurate quantification of the extent of demyelination and axonal damage. Although questions remain on how ferritin-positive microglia affect MRI signals, the WM architecture changes due to demyelination of the central WM-sparing U-fibers may mainly contribute to the paramagnetic susceptibility contrast.
